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 The glomerular filtration barrier is a 
unique structure characterized by a pre-
cise three-dimensional framework of 
podocytes that surround the glomerular 
capillaries and form an approximately 40-
nm-wide  ltration slit.  e  ltration slit is 
bridged by the slit diaphragm, a special-
ized cell junction that represents the only 
cell – cell contact of mature podocytes. 
Mutations in genes encoding slit 
diaphragm proteins result in proteinuria 
and nephrotic syndrome in both animal 
models and patients. Among these slit 
diaphragm proteins, Neph1, nephrin, 
podocin, and CD2AP have been shown to 
be indispensable for the maintenance of 
the architecture of podocytes — all these 
proteins participate in intracellular signal-
ing networks to support cytoskeletal organ-
ization, cell adhesion, and cell polarity. 1 
  e understanding of the dynamic sig-
naling pathways involved in podocyte 
health and disease has been impaired by 
the low accessibility of mammalian podo-
cytes  in vivo and also by the di.  culty of 
maintaining fully di/ erentiated podocytes 
in culture. In this respect, genetically trac-
table model organisms such as  Drosophila , 
 Caenorhabditis elegans , and zebrafish 
might contribute toward the understand-
ing of podocyte biology, pathophysiology, 
and ultimately the establishment of novel 
therapeutic strategies to prevent podocyte 
degeneration. 
 In a recent issue of  Nature , Helen Skaer, 
Barry Denholm, and colleagues intro-
duced a novel and exciting system to study 
podocytes  in vivo (Weavers  et al . 2 ).  ey 
discovered that the fruit 7 y  Drosophila 
melanogaster possesses podocyte-like cells 
with remarkably conserved slit dia-
phragms. Given the long tradition of  Dro-
sophila research, these cells have, of 
course, not remained unnoticed before. 
Fly researchers have referred to them as 
Garland  cells or  ‘ nephrocytes ’ because of 
their functional connection with the 7 y ’ s 
excretory system. Nephrocytes are speci-
 ed in early embryonic development and 
appear at several locations in embryonic 
and later stages of 7 y development as well 
as in adult flies. Like the podocytes in 
mammals, they are of mesodermal ori-
gin. 3 So far, nephrocytes have been best 
known for their high endocytic activity. 
Nephrocytes remove waste products from 
the hemolymph by endocytosis.  erefore, 
nephrocytes have been used as a cellular 
model for endocytosis. In some of these 
publications, ultrastructural imaging 
reveals the existence of autocellular junc-
tions that seal a labyrinth system of lacu-
nae and tunnels within the nephrocytes. 4 
 These junctions, however, have now 
been characterized as structures with high 
similarity to mammalian slit dia-
phragms — in terms of morphology as well 
as molecular composition (Figure 1).  e 
fly orthologues of nephrin, Neph1 , 
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 Recent    insights have defined the central role of podocytes both in rare 
genetic diseases and as a general determinant of the progression of 
human glomerular diseases. In a recent issue of  Nature , Weavers  et al .  
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CD2AP, ZO-1, and podocin are all 
expressed by the nephrocytes and also 
show reciprocal protein – protein interac-
tions characteristic of slit diaphragm pro-
teins. 2  e nephrin and Neph1 orthologues 
sticks and stones (Sns) and dumbfounded 
(Duf, also known as Kirre), respectively, 
were also localized to the slit diaphragms 
by immunoelectron microscopic studies. 2 
Loss-of-function alleles of Duf and Sns 
show loss of slit diaphragms and thicken-
ing of the basement membrane surround-
ing the nephrocytes. 2 Furthermore, these 
proteins are dependent on each other for 
stabilization at the plasma membrane, 
with loss or knock-down of either protein 
leading to destabilization of the other. Sns 
and Duf were also shown to be required 
for nephrocyte  ltration, which was dem-
onstrated by dextran uptake assays. Neph-
rocytes normally endocytose 7 uorescently 
labeled dextrans of small and large sizes. 
However, Duf or Sns  mutants fail to endo-
cytose large dextrans, which was explained 
by the thickened basement membrane 
(Figure 1f). 2 
 Whereas the mammalian glomerular 
basement membrane  is synthesized by 
podocytes and endothelial cells, nephro-
cytes seem to be the only source of base-
ment membrane components. These 
 ndings suggest that slit diaphragm pro-
teins such as Sns and Duf can directly or 
indirectly in7 uence the composition of 
the basement membrane. Whether this 
involves control of matrix gene expression 
through signaling cascades initiated at the 
slit diaphragm remains to be determined. 
Nevertheless, failure of uptake of waste 
products from the hemolymph results in 
compromised viability of the 7 y.  is was 
demonstrated by a toxin stress assay in 
which larvae were fed with silver nitrate. 
Normally, larvae remove silver nitrate 
from the hemolymph through the activity 
of the nephrocytes. However, some larvae 
with nephrocyte-speci c knock-down of 
Sns show reduced removal of the toxin. 2 
 Most likely, removal of waste products or 
toxins from the hemolymph consists of 
three stages:  rst, passage across the base-
ment membrane; second, filtration 
through the slit diaphragm; third, endo-
cytosis or macropinocytosis.  e  rst two 
 commentar y 
456   Kidney International (2009) 75 
interactions between cells of different 
types through complementary expression 
patterns, nephrocytes express both 
molecules. In fact, the 7 y nephrocyte and 
the vertebrate podocyte are the only cell 
types known so far to express both 
nephrin and Neph1  molecules, which 
highlights the importance of the nephro-
cyte as a model for podocyte biology . 
 With all this newborn enthusiasm, 
some di/ erences between nephrocytes 
and podocytes should also be pointed out 
here.  ese di/ erences mainly include 
issues with cell architecture and the con-
nection with the excretory system. First, 
the slit diaphragms of the nephrocytes 
connect cell protrusions within the same 
cell and do not form junctions between 
cells. Unlike the slit diaphragms of the 
vertebrate podocyte, they also do not 
seem to separate the apical from the basal 
domain. Second, whereas podocytes form 
the proximal end and are thus integral to 
the nephron, nephrocytes are spatially 
separated from the malpighian tubules, 
the 7 y counterpart of the kidney tubules 
(Figure 1b). Finally, the hemolymph  ltra-
tion barrier lacks an endothelial layer and 
therefore does not allow study of the 
important cross-talk of podocytes and 
endothelial cells. It also remains unclear 
to what degree hemolymph  ltration is 
driven by hydrostatic pressure, which is a 
key aspect of glomerular  ltration. 
 The remarkable extent of similarity 
between 7 ies and vertebrates that has been 
revealed over the years, not only between 
proteins but between entire cellular and 
developmental pathways, underlines the 
signi cant role of  Drosophila biology to 
directly impact our understanding of 
human health. Decades of genetic screen-
ing have provided 7 y researchers with an 
enormous amount of genetic and genomic 
resources, including a large collection of 
mutant alleles and excellent annotation of 
the genome. Combined with innovative 
technology for spatial and temporal 
manipulation of gene expression, the 
 Drosophila system allows the study of 
cell and developmental biological ques-
tions at high resolution — even in a high-
throughput manner. One example is the 
recent establishment of a genome-wide 
collection of transgenic 7 ies that can be 
used for the expression of RNA-mediated 
stages are remarkably similar to glomeru-
lar  ltration in humans. Also, the third 
stage could represent a key feature of 
mammalian podocytes, as judged by the 
abundance of clathrin-coated pits and 
multivesicular bodies in human podocyte 
foot processes. 5 Nephrocyte  ltration can 
thus be used as a model system for 
glomerular  ltration in a genetically trac-
table organism. 
 Most insight into the function of the 
Neph / nephrin orthologues has previously 
been obtained from other 7 y organ sys-
tems, such as the muscle and the eye. 
Skeletal muscle development in the 7 y 
embryo involves the speci cation of 30 
founder cells together with a population 
of fusion-competent cells. Each founder 
cell seeds a distinct muscle. 6 Cell recogni-
tion is tightly controlled by transmem-
brane receptors and cytosolic signaling 
molecules. The nephrin counterparts 
Hibris and Sns, on fusion-competent 
myoblasts, interact with the Neph1 ortho-
logue Duf  on founder cells to direct the 
cell-junction formation required for 
myoblast fusion. 7,8 In addition, in the 
compound 7 y eye, interactions between 
the Neph / nephrin proteins were shown 
to be required for establishing the correct 
number and spacing of secondary and 
tertiary pigment cells during the final 
steps of ommatidial patterning. 9  ere is 
one important di/ erence between these 
tissues and the nephrocyte. Whereas in 
the eye and muscle, Sns and Duf mediate 
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 Figure 1 | The podocyte and nephrocyte filtration barriers are morphologically and 
functionally similar. (a and b) Schematic drawings of the vertebrate and insect excretory systems. 
Filtration occurs in the glomerulus (a) and in the nephrocytes (b). The filtrate is modified in the 
nephron (a) and in the malpighian tubules (b). The glomerulus is an integral part of the nephron 
(a), whereas the nephrocytes remain spatially separated from the tubular system (b). (c and d) 
Both podocytes and nephrocytes possess slit diaphragms for filtration. Blood is filtered into 
the urinary space (c), and hemolymph is filtered into extracellular lacunae (d). (e) Transmission 
electron micrographs of the nephrocyte filtration barrier with the slit diaphragms (arrowheads). 
(f) Duf nephrocytes (Duf corresponds to Neph1) have small lacunae and a thickened basement 
membrane. Slit diaphragms are missing. Scale bars e and f, 200 nm. Abbreviations: bm, basement 
membrane; fp, foot process; nd, nephrocyte diaphragm; sd, slit diaphragm; WT, wild type. 
(Adapted from ref. 2) *Indicates urinary space in c, d, and e.
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interference  in a tissue-speci c manner. 10 
In addition, more and more 7 y models for 
human diseases are becoming available in 
which not only the involvements of genes 
can be tested but also the e/ ect of chemi-
cal compounds and drugs. 
 So what can be expected for the  eld of 
podocyte biology? As with all model sys-
tems, there are and will be limitations to 
the transfer of knowledge from nephro-
cyte to podocyte. However, the identi ca-
tion of the  Drosophila nephrocyte o/ ers 
the opportunity to develop  in vivo assays 
that can be exploited for single-gene anal-
ysis or genome-wide approaches. Such 
assays could help to  nd novel players and 
mechanisms for complex podocyte path-
ways such as slit diaphragm assembly or 
 ltration in health and disease — not bad 
for a simple fruit 7 y. 
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 The ubiquitin-proteasome 
pathway and IgA nephropathy: 
a novel link? 
 Sydney C.W.  Tang 1 and  Kar Neng  Lai 1 
 Proteasomal degradation of intracellular proteins facilitates the 
recognition of foreign proteins through interactions with major 
histocompatibility complex molecules presented to T cells. Interferon-  
enhances the efficiency of this antigen presentation process by inducing 
a switch of proteasome to immunoproteasome catalytic subunits. The 
finding that immunoproteasomes are upregulated in IgA nephropathy 
may prompt further exploration of the role and mechanism of 
proteasome activation and intensify the quest for infectious agents that 
may induce IgA nephritis . 
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polypeptide cofactor that is evolutionarily 
conserved from yeast to humans. The 
protein was so named to re7 ect its wide-
spread tissue distribution across species. 
  e UPP employs the concerted actions 
of a succession of speci c enzymes (E1, 
E2, and E3) that sequentially conjugate 
chains of Ub onto proteins that are des-
tined for degradation via a three-step 
process of Ub activation and substrate 
recognition. 1  is tagging process, known 
as ubiquitination, is a prelude to the rec-
ognition and  nal execution of the pro-
tein destruction command by the 26S 
proteasome. 
  e 26S proteasome is a large subcel-
lular organelle found in the nucleus and 
the cytosol of all cells. It constitutes 
approximately 1 – 2 % of cell mass and 
provides the site for adenosine triphos-
phate-dependent  degradation of Ub-
tagged proteins. 2  e 26S proteasome is 
essentially a hollow cylindrical particle 
made up of a 20S catalytic component 
and a 19S regulatory unit.  e central 20S 
complex is made up of four heptameric 
protein rings assembled like four dough-
nuts comprising two identical outer 
  -rings and two identical inner   -rings, 
each containing seven subunits,   1 –  7 
and   1 –  7, respectively. The   1,   2, 
 Body proteins were once viewed as struc-
turally static, while dietary proteins were 
believed to function primarily as sources 
of energy. With the discovery of the lyso-
some, Greek for  ‘ digestive body, ’ more than 
half a century ago, it had been assumed 
that cellular proteins were degraded within 
this organelle until lysosomal inhibitors 
were found to be ine/ ective in preventing 
basal protein breakdown. In the past two 
decades, the focus in this  eld has shiN ed 
to the ubiquitin-proteasome pathway 
(UPP), a tightly regulated system that 
degrades intracellular proteins to facilitate 
cellular adaptations to new physiologic 
conditions. Indeed, the discovery of ubiq-
uitin and the understanding of its role in 
protein degradation led to the awarding of 
the 2004 Nobel Prize in Chemistry to co-
recipients Avram Hershko, Aaron Ciech-
anover, and Irwin Rose. 
 Ubiquitin (Ub) is an abundant 9-
kilodalton or 76-amino acid cellular 
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